the position of PTH along the PTH-calcium curve. Finally, in group I the entire PTH-calcium curve Background. Based on in vitro studies, the set point of calcium has often been considered to represent an shifted to the left on the 1.25 mM calcium dialysate as compared with the 1.75 mM calcium dialysate. intrinsic property of parathyroid gland function. However, in the dialysis patient, the serum calcium Conclusion. The findings of the present study indicate that: (1 ) the set point of calcium followed sustained does not consistently reflect the magnitude of hyperparathyroidism; in addition, little information is avail-changes in the serum calcium independently of PTH secretion, and (2 ) the parathyroid gland was able both able on whether the PTH-calcium curve is modified by sustained changes in the serum calcium. The present to adjust the position of PTH secretion on the PTH-calcium curve and to adapt PTH secretion to study in haemodialysis patients was designed to evaluate whether the set point of calcium and the dynamics the existing serum calcium concentration. of PTH secretion were modified by sustained changes Key words: calcium; PTH; set point of calcium; in the serum calcium.
dialysate for 2 weeks, and were then changed to a 1.25 mM (group I ) or a 1.75 mM (group II ) calcium
In vitro studies of parathyroid glands from azotaemic dialysate for an additional 2 weeks. At the end of the patients have suggested that an increase in the set first and second 2-week periods, low and high calcium point of calcium may represent an intrinsic abnormality studies were performed to obtain PTH-calcium curves.
of PTH secretion by the parathyroid gland [1] [2] [3] . Results. In group I, the serum ionized calcium Moreover, subsequent studies have suggested that an decreased with the lower calcium dialysate (P<0.02) intrinsic abnormality of PTH secretion associated with and the set point of calcium was reduced (P<0.02); secondary hyperparathyroidism in renal failure could in group II, the serum calcium did not change and the be due to a reduction in the vitamin D receptor [4] set point of calcium was not modified. When both and hyperplasia of the parathyroid gland, especially groups were evaluated together, the delta serum calnodular hyperplasia which may be associated with cium correlated directly with the delta set point of monoclonal proliferation of parathyroid cells [5, 6] . As calcium (r=0.87, P<0.001) and inversely with the a result of these studies the concept of set point delta PTH (r=−0.73, P<0.005); at the same time, an abnormalities has been extrapolated to studies in diainverse correlation was observed between the delta lysis patients in which an increased set point of calcium PTH and the delta set point of calcium (r=−0.67, has often been equated with increased PTH secretion P<0.01). Moreover, the delta serum calcium correlby an abnormal parathyroid gland [7] [8] [9] ; however, ated with both the delta ratio of basal/maximal PTH while some studies in dialysis patients have suggested (r=−0.71, P<0.005) and the change in predialysis that calcitriol treatment of secondary hyperparathyserum calcium necessary to maximally stimulate PTH roidism simultaneously reduced both PTH levels and (r=0.84, P<0.001); these latter two are indicators of the set point of calcium [7, 10] , this finding has not been confirmed in other studies [11] [12] [13] [14] .
before the change to either the lower or higher calcium calcium is observed in dialysis patients [8, 11, 17] ; this dialysate and a second PTH-calcium curve was performed latter is probably due to the inability to regulate after 2 weeks on the second calcium dialysate.
calcium via the kidneys, and the presence of different The goal of the present study was to evaluate calcium was also calculated by the method of Brown [2] , in whether the set point of calcium and the dynamics of which the set point of calcium is at the mid-range PTH PTH secretion were modified by sustained changes in between the minimal and maximal PTH; (6) the basal serum serum calcium in a group of haemodialysis patients. calcium was the serum calcium concentration at the basal To change the serum calcium and maximize the range (predialysis) PTH; (7) the serum calcium at maximal PTH of the change in serum calcium, we attempted to (CAmax) was the serum calcium concentration at which the change the serum calcium in both directions in the two PTH level was first observed to be maximal or within 10% groups of patients that were studied; in one group, the of the maximal PTH; this definition was used because the PTH-calcium curve is sigmoidal and as the PTH value dialysate calcium concentration was decreased from approaches the asymptotic portion of the curve, considerable
1.75 mM to 1.25 mM and in the other group, the variation in serum calcium can be observed during small dialysate calcium was increased from 1.25 mM to changes in PTH; similarly, for the same reason, (8 ) the 1.75 mM. In both groups, patients were dialysed with serum calcium at minimal PTH (CAmin) was the serum the initial calcium dialysate for 2 weeks and with the calcium concentration at which the PTH level was first second calcium dialysate for an additional 2 weeks. observed to be minimal or within 10% of the minimal PTH; Low and high calcium studies were performed both and ( 9) the difference between the basal calcium and the CAmax was the reduction in serum calcium necessary to after 2 weeks of the initial calcium dialysate and after maximally stimulate PTH; this value should provide similar 2 weeks on the second calcium dialysate. We observed information as the basal/maximal PTH ratio because it that changes in the set point of calcium directly correlindicates the relative degree of PTH stimulation in the ated with changes in the serum calcium and were basal state. inversely correlated with changes in PTH.
Intact PTH was measured with an immunoradiometric assay for parathyroid hormone ( Allegro, Nichols Institute, San Juan Capistrano, CA, USA). Normal values are 10-65 pg/ml and the range of the standard curve is Methods 0-1400 pg/ml. During the low-and high-calcium studies, serum ionized calcium was measured at bedside with a This study was performed in 13 maintenance haemodialysis selective ionized calcium electrode (Ciba-Corning SA, patients with predialysis PTH levels less than 500 pg/ml; this Madrid, Spain); the normal range for serum calcium using range of PTH was selected because these patients were not this method is from 1.19 to 1.28. At all other times, serum receiving calcitriol and it was believed that it would be easier calcium, phosphorus, alkaline phosphatase, albumin, and to modify the predialysis serum calcium during a short time bicarbonate were measured by standard laboratory techperiod [8 ] . The mean age of the patients was 56±4 years, niques. Serum calcitriol ( Nichols Institute, San Juan seven patients being female and six male; the mean duration Capistrano, CA, USA) was measured at the completion of of haemodialysis was 33±6 months. The patients were the 2 weeks with the 1.25 mM calcium dialysate and the 2 randomly divided into two groups. In group I (n=7), the weeks with the 1.75 mM calcium dialysate and was less than 12 pg/ml (normal 25-60 pg/ml ) in all patients at both patients were dialysed with a 1.75 mM calcium dialysate for intervals. 2 weeks and then changed to a 1.25 mM calcium dialysate for 2 weeks. In group II (n=6), the patients were dialysed with a 1.25 mM calcium dialysate for 2 weeks and then Statistics changed to a 1.75 mM calcium dialysate for 2 weeks. In both groups, low and high calcium studies were performed to The non-parametric Wilcoxon test was used to compare the paired data from the two groups. Regression analysis was obtain a PTH-calcium curve at the end of the first 2 weeks Adaptation of PTH secretion in haemodialysis patients 507 used to evaluate the potential association between two or Results more parameters; partial correlation analysis was used to assess the effect of each one of the dependent variables. Since As shown in Table 1 , the age of the patients, the in one group the dialysate calcium was decreased and in the duration of haemodialysis and the sex distribution other group the dialysate calcium was increased, the data were not different between the two groups. The serum resulting from the change from baseline observed after the phosphorus, alkaline phosphatase, albumin, and bicardialysate calcium was changed contains both negative and bonate levels were not different between the two groups positive values. A P value less than 0.05 was considered to be significant. The data are expressed as the mean±SE.
at the start of the study and also were not different within each group at the end of the 2 weeks on the 1.25 or the 1.75 mM dialysate calcium. As shown in Figure 1 and (basal ) PTH was not significant in either group ( Figure 1C ). As shown in Table 2 , the maximal PTH did not change in the two groups, but minimal PTH Mean±SE. Fig. 1 . Effect that a change in the dialysate calcium had on ( A) the serum ionized calcium, (B) the set point of calcium, and (C) the PTH level is shown for each of the patients in group I (closed circles) and group II (open circles). In group I, patients were dialysed with a 1.75 mM calcium dialysate for 2 weeks and then changed to a 1.25 mM calcium dialysate for an additional 2 weeks; in group II, the sequence was reversed. The two patients represented by an interrupted line in each panel did not increase their serum ionized calcium or set point of calcium, nor decrease their PTH level after the calcium dialysate was increased. The dark bars in each panel represent the mean value for the group. increased in group I and decreased in group II PTH was r=−0.79, P=0.001. Although delta PTH correlated with both delta serum calcium and delta set (P<0.05). In group I, the CAmax and the CAmin decreased (P<0.05) and the basal/maximal PTH ratio point separately, multiple regression followed by stepwise regression analysis with delta PTH as dependent did not change; in group II, none of these parameters changed. The difference between the basal calcium and variable and delta serum calcium and delta set point as independent variables showed that delta set point CAmax tended to decrease in group I (P=0.06) and to increase in group II (P=0.07).
did not contribute significatively to the correlation (r= 0.086 for delta set point). In Figure 2 the PTH-calcium curves are shown for the two groups before and after the change in the In Figure 5 the delta serum ionized calcium which resulted from the change in dialysate calcium was dialysate calcium. In group I in which the reduction in the dialysate calcium resulted in a decrease in both compared with the delta basal/maximal PTH ratio ( Figure 5A ) and the delta difference between the basal the basal serum calcium and the set point of calcium, the PTH-calcium curve shifted to the left ( Figure 2A ). calcium and the CAmax ( Figure 5B ). An increase in the basal/maximal PTH ratio and a reduction in the The PTH-calcium curves of each patient from group I are presented in Figure 3 . In group II the increase in difference between the basal calcium and the CAmax both would indicate an increase in PTH stimulation in the dialysate calcium did not result in a change in the basal serum calcium nor the set point of calcium, and the baseline state. As shown in Figures 4A and 4B , the correlations between the delta ionized calcium the PTH-calcium curve also did not change ( Figure 2B) . and the delta basal/maximal PTH ratio (4A) and the delta difference between basal calcium and CAmax When the 13 patients were evaluated together and the change (delta) in the set point of calcium was (4B) were both significant (r=−0.71, P<0.005 and r=0.84, P<0.001 respectively). correlated with the delta predialysis ionized calcium ( Figure 4A ), a direct correlation was observed (r= 0.87, P<0.001); however, both the delta set point of Discussion calcium and the delta serum calcium were inversely correlated with the delta basal PTH ( Figures 4B and C , r=−0.67, P<0.01 and r=−0.73, P<0.005 respect-The present study was designed to evaluate whether the PTH-calcium curve was modified by sustained ively). The set point of calcium was also calculated by the method of Brown [2 ] and similar results were changes in the predialysis serum calcium concentration.
As such, two groups of haemodialysis patients were observed. The correlation between the delta set point and the delta predialysis basal calcium was r=0.82, studied; in one group, the dialysate calcium was decreased from 1.75 to 1.25 mM and in the other P<0.001 and between the delta set point and delta dissociated from changes in PTH secretion. The observation that the entire PTH-calcium curve shifted to the left as the predialysis serum calcium was reduced suggests the parathyroid gland may be capable of adapting to the existing serum calcium.
The patients in the present study had mild hyperparathyroidism and were selected because it was not necessary to treat them with calcitriol and it was believed that the serum calcium could be manipulated more easily than in haemodialysis patients with more severe hyperparathyroidism [18] . Our results demonstrate that the set point of calcium, as calculated by two different methods, changed in the same direction as the predialysis serum calcium while the change in PTH was inversely correlated with both the delta serum calcium and the delta set point of calcium. Thus, at least in a group of haemodialysis patients with mild secondary hyperparathyroidism, the set point of calcium did not appear to represent a fixed property of the parathyroid gland; if it had, it would be expected that the set point of calcium would have changed in the same direction as the PTH. Moreover the finding that the set point of calcium changed in the same direction as the serum calcium would suggest that the set point of calcium may be able to adapt to sustained changes in the existing serum calcium. Such a conclusion is also in agreement with our previous results in haemodialysis patients with more severe secondary hyperparathyroidism [20 ] .
An interesting observation in the present study was that the delta basal/maximal PTH ratio was inversely correlated with the delta serum calcium induced by decreasing or increasing the dialysate calcium ( Figure 5 ) . A direct correlation was observed between would suggest that PTH secretion adapted to the sustained change in the serum calcium not only by shifting the PTH-calcium curve but also by adjusting group increased from 1.25 to 1.75 mM. In group I in which the dialysate calcium was decreased, the pre-its position along the PTH-calcium curve. These concepts are illustrated in the present study in Figure 2A , dialysis serum calcium decreased and this was associated with a decrease in the set point of calcium and a in which the PTH-calcium curve and the set point of calcium shift to the left, but at the same time the leftward shift of the entire PTH-calcium curve. In group II, neither the predialysis serum calcium nor the increase in the basal PTH from 40 to 48% was not as great as would be anticipated from the original set point of calcium changed. When the patients were analysed together, the delta set point directly correlated PTH-calcium curve in which the same serum calcium would have produced a PTH value that was approxiwith the delta serum calcium; moreover the correlation between the delta set point of calcium and the delta mately 70% of the maximal PTH. Thus, due to the leftward shift of the PTH-calcium curve and the set PTH was inverse, thus indicating that the set point of calcium could increase as PTH decreased. The finding point in our patients, the reduction in the predialysis serum calcium was associated with a less than expected that the set point of calcium directly correlated with the predialysis serum calcium suggests the possibility increase in the basal/maximal PTH ratio and reduction in the difference between the basal calcium and the that the set point of calcium may be modified by the existing serum calcium. The inverse correlation CAmax. In normal humans, it is not possible to shift the set point of calcium because an efficient calcium between the change in set point and the change in PTH is explained by the opposing effects that sustained homeostatic mechanism effectively responds to any deviation from a normal serum calcium and restores changes in serum calcium exerts on the set point (direct relationship) and serum PTH (inverse relationship); the serum calcium to normal [19, 21] . However, in the haemodialysis patient, for whom it is difficult to thus a change in the set point of calcium may be precisely modulate the serum calcium because of the secretion along the PTH-calcium curve. These adaptations may be important for the parathyroid gland to lack of kidney function and bone alterations, the PTH-calcium curve appears to be able to adapt to be able to maintain a secretory reserve to protect against a further reduction in the serum calcium. It is sustained changes in the serum calcium by changing both the set point of calcium and the position of PTH important to note that our study was 2 weeks and thus Fig. 5 . Correlations between the change (delta) in the ionized calcium and ( A) the change (delta) in the ratio between basal to maximal PTH, and ( B) the change (delta) in the difference in serum calcium between the basal calcium and the calcium at maximal PTH. Since the dialysate calcium was both increased and decreased, both negative and positive values of ionized calcium were obtained.
in vitro evidence of increased set point [1, 2] , decreased expression of VDR [4] and decreased expression of calcium receptor messenger RNA [22] . These patients are likely to have parathyroid cells with monoclonal proliferation and abnormal regulation of PTH secretion. It remains to be determined whether these patients 
